Abstract. Throughout in utero development, the placenta plays a key role in controlling growth and development. The placenta acts not only as a gatekeeper of nutrient and waste exchange between mother and developing fetus, but also as a regulator of the intrauterine environment. Its functions can be influenced by the environment encountered throughout pregnancy, thereby altering the appropriate genetic programming needed to allow for appropriate fetal growth. Epigenetic alterations related to environmental exposures have been linked to aberrant fetal growth. DNA methylation, which is the best known DNA epigenetic modification, may provide an attractive mechanism linking environmental cues to placental pathology, with consequences for fetal growth and adult life. Alteration of the methylation patterns of genes expressed in the placenta has recently been found to modify gene expression and subsequently impair function of the placenta. Although there is strong evidence to demonstrate that the environment can affect the pattern of DNA methylation of the placenta during fetal development, a direct association between environmental conditions, methylation alterations and gene expression is difficult to confirm. DNA methylation in the placenta has mainly been investigated in the context of imprinted and non-imprinted genes transcription. Several environmental factors have also been assessed in regard to their association with changes to the epigenetic motives of embryonic and extraembryonic tissues and their impact on pregnancy outcome. In this review, we briefly present the available evidence regarding the role of DNA methylation patterns of the placenta on aberrant fetal growth.
Introduction
Epigenetics constitutes an important mechanism capable of regulating gene transcription, linking early life's events to adult morbidity. It entails heritable changes in chromatin that alter gene expression without altering the DNA sequence (1, 2) . It is the best-characterized epigenetic modification. Evidence suggests that DNA methylation is closely involved in the regulation of gene expression and that DNA methylation patterns can be distorted during the pathogenetic process of a disease (3) . Findings of previous reports suggest that DNA methylation is altered during development and by environmental stress (4, 5) . However, the mechanisms by which these epigenetic effects are exerted remain to be clarified. In this review, we briefly present the available evidence regarding the role of DNA methylation patterns of the placenta on aberrant fetal growth.
DNA methylation
DNA methylation, which is accomplished by DNAmethyltransferases, occurs on the cytosine residues of CG (also designated CpG) dinucleotides. Enzymes known as DNA methyltransferases (DNMTs) catalyse the addition of a methyl group to the cytosine ring to form methyl cytosine, using S-adenosylmethionine as a methyl donor (6) . DNA methyltransferase-1 (DNMT1) is the predominant mammalian DNA methylating enzyme responsible for the restoration of hemi-methylated sites to full methylation, termed maintenance methylation, which occurs after DNA replication. DNMT3A and DNMT3B are mainly involved in the methylation of new sites, known as de novo methylation (7). DNMT3L is postulated to play a regulatory role in DNA methylation without
DNA methylation in the human placenta and fetal growth (Review)
DNA methyltransferase activity in itself. In humans and other mammals, DNA modification occurs predominantly on cytosines that precede a guanosine in the DNA sequence (6) . These dinucleotides can be clustered in small stretches of DNA, termed CpG islands, which are often associated with promoter regions. In 98% of the genome, CpGs are present approximately once per 80 dinucleotides. By contrast, CpG islands, which comprise 1-2% of the genome, are approximately 200 base pairs (bp) to several kb in length and have a frequency of CpGs approximately five times greater than the genome as a whole (8, 9) . Most CpG sites outside the CpG islands are methylated, suggesting a role in the global maintenance of the genome, while most CpG islands in gene promoters are unmethylated, which allows active gene transcription (6, 10) . When a CpG becomes methylated in a cell, it remains methylated in all its descendants (11) . Generally, when a given stretch of cytosines in a CpG island located in the promoter region of a gene is methylated, that gene is silenced by methylation; such a CpG island would be termed 'hypermethylated'. Conversely, when a given stretch of cytosines in a CpG island located in the promoter region of a gene is not methylated, that gene is not silenced by methylation; the CpG island in this case would be 'hypomethylated' (12) . Methylation of promoters inhibits their recognition by transcription factors and RNA polymerase, as methylated cytosines preferentially bind to a protein known as methyl cytosine binding protein, or MeCP. When a promoter region normally recognized by an activating transcription factor, is methylated, its transcription is inhibited (9).
DNA methylation in the developing embryo and placenta
Methylation of gene promoters is probably one of the foremost mechanisms responsible for cell differentiation during embryogenesis: the transcription of unwanted genes is eliminated by methylation of their promoters (13) . As oocytes and spermatozoa are more differentiated than the pluripotent cells of the early embryo, the DNA of morula (16-cell embryo, third day post-conception) undergoes global demethylation. CpGs are demethylated on a large scale, thus reactivating the neartotality of the genome (a few genes escape this demethylation, e.g., the genes subject to genomic imprinting). Subsequently, as cells start differentiating, the gene promoters involved in this differentiation become methylated according to a strict sequence depending on each cell type (14) . On fertilisation a rapid paternal-specific asymmetric loss of methylation is observed (15, 16) . This process occurs in the absence of transcription or DNA replication and is termed active demethylation. Thereafter, there is a step-wise decline in methylation until the morula stage (17, 18) . The initiation of the de novo methylation occurs after the fifth cell cycle and coincides with the time of the first differentiative event. The establishment of the first two cell lineages results in a significant asymmetry. The inner cell mass (ICM), which gives rise to all the tissues of the adult, becomes hypermethylated, while the trophectoderm (TE), which forms most of the structure of the placenta, is hypomethylated (17, 18) . This differential methylation is maintained and reflected in highly methylated somatic tissues and the distinctively hypomethylated extra-embryonic tissues of the placenta. This epigenetic inequality with higher overall DNA methylation levels in the embryo compared with the placenta is maintained throughout gestation (18).
Imprinting
Despite the genome-wide decline in DNA methylation, certain sequences remain refractory to the general demethylation during preimplantation development. Imprinted genes escape this epigenetic reprogramming (15) . They are protected from demethylation because it is crucial that the parental imprints are preserved in the developing embryo (19) .
Genomic imprinting refers to silencing of one parental allele in the zygotes of gametes leading to monoallelic expression of these genes in the offspring. During the process of imprinting, the male and female germ line confer a genderspecific mark (imprint) on certain chromosomal regions (20) . Only one allele of the imprinted genes, the maternal or paternal, can be active and expressed. Each cluster is controlled by an imprinting control region (ICR) that usually contains a stably maintained or developmentally changing Differentially Methylated Region (DMR) (21, 22) . Genomic imprinting arose during the mammalian evolution (approximately 150 million years ago) and may be associated with the evolution of intrauterine development that requires the formation of a placenta (20) .
The prevailing hypothesis on the evolution of genomic imprinting is the 'conflict hypothesis' theory. This theory suggests that paternally expressed genes strongly favor using maternal resources to benefit offspring, while maternally expressed genes attempt to preserve such maternal resources and thus, are in direct conflict with one another. Many imprinted genes are involved in fetal development and growth, and some affect behaviour (20, 23 ). Imprinting appears to be particularly important for placental development (24, 25) . Knockout studies of several paternally or maternally imprinted genes result in intrauterine growth restriction (IUGR) and smaller placental size or the overgrowth and hyperplasia of the placenta, respectively (25) (26) (27) . Certain maternal genes are required for proper development of the embryo, whereas extraembryonic tissues depend on the presence of active paternal genes. Approximately 60 genes have been shown to be imprinted in humans, two thirds of which are paternally expressed (maternally imprinted) and one third maternally expressed (paternally imprinted) (28).
DNA methylation in the placenta
Throughout in utero development, the placenta plays an important role in controlling growth and development through the transfer of nutrients and waste, and in protecting the fetus from insults (29) . Findings of recent studies have shown that placental genetic and epigenetic profiles may serve as markers of the intrauterine and extrauterine environment (30) (31) (32) . Embryonic and fetal growth depends on genetic, epigenetic and environmental factors, and the process is the result of the interaction between these factors. Approximately 7-9% of live-born infants have a birth weight below the 10th percentile. Intrauterine growth restriction describes a decrease in the fetal growth rate that prevents an infant from obtaining his or her complete growth potential (33) . IUGR infants are small for gestational age (SGA) if their birth weight measures <10 to 3% using standard growth curves (34, 35) . Therefore, the terms IUGR and SGA are related but not synonymous. The IUGR is a pathological condition, whereas SGA may reflect a normal pattern in a given population. The placenta forms the interface between the fetal and maternal circulations. For this reason, fetal disease, maternal disease, primary placental disease, and extrinsic factors could all interfere with the efficiency of nutrient and waste exchange and result in growth restriction (36, 37) . Fetal growth restriction is a physical sign rather than a single disease. Improper placental function accounts for the majority of IUGR cases.
Epigenetic modification in the placenta may provide an attractive mechanism linking environmental cues to placental pathology, with consequences for fetal growth and adult life. Accumulating evidence suggests that the maternal nutritional status is capable of altering the epigenetic state of the fetal genome and imprinted gene expression. Epigenetic alterations in early embryos may be carried forward to subsequent developmental stages (38) . The placenta has been reported to present high variability in overall DNA methylation compared to other tissues (39) , probably in response to its role in mediating the conflicting demands of mother and fetus (40) . Methylation patterns of several genes (imprinted and non-imprinted) in the placenta have been investigated in an attempt to elucidate the exact role of epigenetic modifications on fetal growth. Administration of a DNA methyltransferase inhibitor to pregnant rats at different gestational ages resulted in significantly smaller placentas and histological evaluation showed the labyrinthine part of the placenta to be severely reduced (41) . In a similar study, a lack of the labyrinth layer was observed with a strong proliferative activity of the cells in the basal layer or complete disruption of the placental structure (42) . Furthermore, administration of the same agent in human choriocarcinoma-derived cell lines, resulted in disrupted trophoblast migration (43) .
DNA methylation and gene transcription.
Much of the recent research on placental epigenetics has focused on imprinted genes that are known to affect growth, such as insulin-like growth factor 2 (IGF2). IGF2 and H19 are two oppositely expressed imprinted genes located adjacent to each other at 11p15.5 that share the same transcription regulatory epigenetic mechanisms and have an important role in feto-placental development. The DMR upstream of H19, which harbors sequences known to bind to the zinc finger protein CTCF, if methylated on the paternal chromosome prevents binding with CTCF and allows the IGF2 promoter to assess enhancers located downstream of H19, thereby expressing IGF2 (Fig. 1) . On the maternal chromosome the non-methylated H19 DMR is bound to CTCF, thus insulating the IGF2 promoter from the 3' enhancers and allowing the H19 promoter unimpeded access to the enhancers. Maternal H19 is subsequently transcribed (44) . IGF2 is highly expressed in normal mouse and human placenta and affects the functional capacity of the placenta to transfer nutrients to the fetus as well as placental size (45, 46) . It is expressed in most tissues only from the paternal allele, with the maternal allele being transcriptionally silent. The maternally expressed H19 gene itself does not code a protein, but the RNA has growth-suppressing functions, potentially through inhibiting the translation of IGF2 RNA (47).
Specific regions of differential DNA methylation are regarded as critical for the correct allelic expression of IGF2/ H19. Complete loss of methylation of the H19 promoter is reported at all stages of placental development (48) . Hypomethylation of IGF2 and H19 promoters as well as the ICR of those genes has been reported in placentas derived from pregnancies complicated with fetal growth restriction (49) (50) (51) . Since ICR controls the expression of both H19 and IGF2 genes, which are known growth modulators, aberrant methylation in that region may be a potential link between epigenetic modifications and abnormal fetal and placental growth.
Hypomethylation of the IGF2 and H19 promoters would indicate lower transcription levels of these genes in placentas from pregnancies complicated with fetal growth restriction. Underexpression of IGF2 is a repeated event in growthrestricted placentas and it is postulated to be associated with reduced diffusional capacity of the placenta, which in turn affects fetal growth (52) . However, hypomethylation of the IGF2 promoter is in contrast to the reduced transcription levels observed in placentas derived from pregnancies with abnormal fetal growth. This discrepancy suggests that there is no direct correlation between methylation and imprinted gene expression in the placenta, and other mechanisms may be involved in this sequence of molecular events. According to recent studies, methylation of the IGF2/H19 promoters is not prerequisite for the regulation of the imprinting domain that controls transcription of the two genes in human placenta (49, 53) . Moreover, hypomethylation of the same regions does not have an impact on the expression pattern of IGF2 and H19 (53) .
Reduced methylation levels of the region that controls the imprinting of IGF2/H19 (ICR) have been reported in placentas derived from pregnancies with poor fetal growth and those complicated with preeclampsia (49-51,54) (Table I) . ICR is hypomethylated leading to the repression of IGF2 expression in approximately one-third of patients with Silver Russell syndrome (SRS), a syndrome associated with pre-and post-natal growth deficiency (57) . However, where ICR is hypermethylated it leads to an increase in IGF2 expression in some cases of pre-and post-natal overgrowth diagnosed as Beckwith-Wiedemann syndrome (BWS) (58) . Methylation at ICR has been shown in a number of studies to be particularly responsive to environmental factors such as culture media (59), environmental toxins (60, 61) , and prenatal ethanol exposure (61) . The reduced methylation levels associated with IUGR may reflect an adaptive process serving to adjust placental and fetal growth in response to poor placental perfusion.
Hypomethylation of the imprinted gene promoters is not a universal finding in cases where fetal growth is compromised. In their study, Lambertini et al demonstrated a slight tendency towards hypermethylation of the DMRs of all known imprinted genes identified to be expressed in growth-restricted placentas (62) . These authors suggested that differential methylation changes in growth-restricted placentas occur throughout the genomic regions, encompassing genes actively expressed in the placenta. Analysis of other imprinted genes from the placentas of pregnancies complicated with IUGR, revealed a lack of altered DNA methylation at their imprinting centers (55) , although they demonstrated differences in their transcription levels (Table I) .
The contradictory results that stem from different studies regarding imprinted gene methylation patterns in the placenta highlight the already reported DNA methylation variation at the imprinted genes. Inter-individual, tissue-specific variation in DNA-methylation level is widespread in the human genome, with implications on phenotypic variation and disease (63) . Several genes have been described to exhibit this polymorphic pattern of DNA methylation in the human placenta (64) . Therefore, the exact epigenetic defects in the human placenta, which control imprinted gene expression and affect fetal development, remain to be determined.
The hypothesis that variation in the DNA methylation profile of human term placenta can serve as a marker of growth has been confirmed by Banister et al who demonstrated a pattern of methylation of 22 critical loci in human term placentas. Specific methylation alterations of these genes were highly predictive of IUGR or SGA (65) . A significant association Methylation levels between different samples were assessed and the findings presented (methylation and expression) refer to the values observed in the pathologic tissues in comparison to the controls. ICR, imprinting control center; IUGR, intrauterine growth restriction; SGA, small for gestational age; PET, preeclampsia.
has also been shown between the differential methylation of the glucocorticoid receptor gene in the placenta and Large for Gestational Growth (LGA) infants (31) . Placental gene serine protease inhibitor A3 (SERPINA3), whose expression is known to be affected by placental pathologies such as preeclampsia, has been shown to exhibit hypomethylation of its promoters in IUGR placentas. Hypomethylation coincided with increased transcription levels of the same gene in placentas derived from IUGR pregnancies as well as preeclamptic IUGR cases. The hypomethylated CpGs were found to be located at putative binding sites for developmental and stress response (hypoxia and inflammation) factors (56) . Recent studies have demonstrated significant associations between infant growth, in utero exposures and repetitive element methylation in placental tissue (66) . These DNA repetitive elements are made up of interspersed and tandem repeats and comprise at least half of the human genome (67) . Interspersed repeats are composed of long interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs). A significant correlation was found between methylation levels and the birthweight percentile. A 10% methylation increase in LINE-1 mean levels caused the birthweight percentile to significantly increase by 9.7. Similarly, a 10% methylation increase in AluYb8 mean levels caused the birthweight percentile to significantly increase by 14.5. Furthermore, mean AluYb8 levels differed significantly due to maternal tobacco use during pregnancy; whereas, mean LINE-1 levels only significantly differed due to maternal alcohol use during pregnancy. Authors of these studies concluded that the alterations may reflect underlying functional epigenetic alterations to genes important in placental growth and development.
Previous investigations emphasized marked similarities between the proliferative, migratory and invasive properties of placental cells and those of cancer cells. Alterations in the expression of tumour suppressor gene expression profiles have been identified in placentas from preeclamptic pregnancies (68) . A distinct pattern of tumour-associated methylation, linking a coordinated series of epigenetic silencing events, similar to those associated with some tumours, in the distinct, features of normal human placental invasion and function has been observed (69) . A genome-wide methylation analysis revealed reduced methylation levels of trophoblastic tissues derived from chorionic villous sampling during the first trimester of pregnancy. The highly proliferative and invasive nature of early placenta may explain this relative hypomethylation as a requirement for an intensively active transcriptional state. Trophoblasts and cancer cells may use common epigenetic modifications to facilitate their proliferative, migratory and invasive properties (70) . However, no data are currently available that may indicate a correlation between the epigenetic modification of tumor-associated genes and fetal growth. In a study where the methylation status of genes regulating vitamin D bioavailability and activity in the placenta was investigated, the CYP24A1 gene was methylated in human placenta, purified cytotrophoblasts, and primary and cultured chorionic villus sampling tissue, whereas vitamin D receptor (VDR) and CYP27B1 genes were non-methylated. All three genes were hypermethylated in choriocarcinoma cell lines, emphasizing the role of vitamin D deregulation in this type of cancer. The promoter methylation of the CYP24A1 gene, directly downregulated basal promoter activity and abolished vitamin D-mediated feedback activation. This event resulted in maximizing active vitamin D bioavailability at the fetomaternal interface suggesting a role in pregnancy progression (71) .
Environmental impact on DNA methylation in the placenta.
There is a critical window, at some stage in intrauterine life, during which balanced homeostasis is essential for normal fetal growth and development. Adverse effects during that period alter the structure and function of distinct cells, organ systems or homeostatic pathways, thereby 'programming' the individual for an increased risk of developing diseases in adult life. Placental phenotype is responsive to environmental conditions and may help predict the risk of adult disease programmed in utero. The placenta responds to and is potentially marked in an epigenetic context by environmental insults, suggesting that the placental epigenome serves, not only as a record of in utero exposure, but also as a mediator and/or modulator of disease pathogenesis.
Accumulating evidence suggests that the maternal nutritional status is capable of altering the epigenetic state of the fetal genome and imprinted gene expression. Ethanol-exposed midgestation placentas and embryos were severely growth retarded when compared with the controls. The relationship between placental weight and ethanol treatment suggested that this was partially dependent on DNA methylation at the CCCTC-binding factor (CTCF) site on the paternal allele in placentas (61) . Preimplantation embryo culture has been shown to affect the methylation and expression of imprinted genes in several animal models. One particularly favoured explanation for the association between the environmental impact in early life and long-term physiological functions lies with the epigenetic modification of gene expression (71) . Although there is strong evidence to demonstrate that the environment affects the pattern of DNA methylation during fetal development, the direct association between environmental conditions, methylation alterations and gene expression is difficult to verify (Fig. 2) .
Conclusion
Numerous links have been made between infant growth restriction and specific epigenetic alterations, including changes to the gene imprinting status and to DNA methylation. Fetal growth is affected by the proper function of many imprinted and non-imprinted genes which are subject to epigenetic control through methylation of their promoters. DNA methylation has a critical role in placenta development, and alterations to its methylation pattern can lead to adverse placental morphology and birth outcome. However, since DNA methylation represents a delicate molecular mechanism that is easily affected by various factors, data that associate methylation patterns with placental pathology or abnormal fetal growth, should be interpreted with caution.
